Abstract. Synchronous or metachronous liver metastasis occurs in approximately 15% of colorectal cancer patients and is an important negative prognostic factor. We therefore need an effective therapy to prevent metastasis. It has become apparent that cyclooxygenase (COX)-2 plays an important role in cancer growth, invasion and metastasis and that there is potential for chemoprevention via inhibition of these processes. We injected colon 26, a colorectal cancer cell line, in CDF1 mouse spleen and, from the following day, two kinds of COX-2 inhibitor (etodolac and nimesulide) were administered orally. Two weeks later, the animals were sacrificed, the liver was excised, and we counted the number of metastatic nodules on the liver surface. In addition, COX-2 mRNA, matrix metalloproteinase (MMP)-9 mRNA, and tissue inhibitor of MMP (TIMP)-1 mRNA of cancer tissue were measured by means of real-time RT-PCR. The number of metastatic nodules on the liver surface was significantly lower in the etodolac-treated group than in controls (p=0.001), but no significant difference was noted in the nimesulide-treated group. The expression of COX-2 mRNA was also significantly lower in the etodolactreated group than in controls (p=0.04), but not in the nimesulide-treated group. In addition, the expression of MMP-9 mRNA was significantly lower in the etodolac group than in controls (p=0.02), but not in the nimesulide group. Among the groups, there were no significant differences in TIMP-1 mRNA. Expression of COX-2 mRNA and MMP-9 mRNA correlated significantly (r=0.78, p=0.001), but there was no correlation between either COX-2 mRNA and TIMP-1 mRNA expression or between MMP-9 mRNA and TIMP-1 mRNA expression. These findings indicate that the selective COX-2 inhibitor, etodolac, suppresses liver metastasis by reducing MMP-9 activity.
Introduction
Cyclooxygenase (COX) is a rate-limiting enzyme synthesized from prostaglandin (PG), and it exists in three isoforms. COX-1 is manifested constitutively in most organs. COX-2 is induced by various cytokines or growth factors. COX-3 is found in brain tissue and is related to pain. In previous studies, conspicuously greater COX-2 expression has been found in many human cancer tissues compared to normal tissue, indicating that COX-2 plays an important role in tumorigenesis and cancer growth or progression (1) . In a number of animal studies, it has been demonstrated that non-steroidal anti-inflammatory drugs (NSAIDs), COX inhibitors, suppress carcinogenesis (2) . Epidemiologically, it has been shown that among long-term aspirin users, the mortality rate due to colorectal cancer is 40-50% lower than in natural controls (3) . Recently, several researchers reported that COX-2 inhibitor suppresses liver or lung metastasis in animal models of colorectal cancer cell lines (4) (5) (6) (7) (8) (9) . These findings suggest that COX inhibitors are promising candidates for chemoprevention, but the mechanism has not yet been elucidated in detail.
Synchronous or metachronous liver metastasis is recognized in 10-15% of all colorectal cancer patients, and is a vital factor in prognosis. Surgery is aggressively performed for liver metastasis but no effective therapy has been established for the prevention of liver metastasis. For liver metastasis of colorectal cancer, several steps are required. Firstly, cancer cells detach from the primary lesion and then, by the action of matrix metalloproteinase (MMP), an extracellular matrix (ECM)-degrading enzyme, degrade and invade the ECM or basement membrane, and enter the blood vessels. Then, cancer cells in circulating blood adhere to the endothelium of hepatic blood vessels. Similarly, by the action of MMP, cancer cells degrade the basement membrane of the blood vessel and invade outside the blood vessels (10, 11) . Cancer cells that have migrated outside the blood vessels move to within stroma while degrading ECM and, concurrently with angiogenesis, growing to form metastatic lesions. In this process, MMP expression increases in the endothelial cells of the blood vessel, causing degradation of the basement membrane in the surrounding neovascularization, thereby creating an ideal environment for the formation of metastatic lesions (12) . MMP is classified into the following five groups on the basis of sequence homology and substrate specificity: collagenases, gelatinases, stromelysins, membrane-type metalloproteinase (MT-MMP) and non-classified MMPs (13) . Approximately 90% of collagen, the main constituent of ECM, is of type I, and it is degraded by collagenase (MMP-1, -8, -13). Type IV collagen, which is characteristic of basement membrane, is degraded by MMP-2, -3, -7, -9 and -10. It is reported that, of these MMPs, MMP-2 and MMP-9 have been found, in examinations using various cell lines, to be associated with cancer migration, invasion and metastasis (13) . On the contrary, the tissue inhibitor of MMP (TIMP) was originally identified as an MMP inhibitor. Four kinds of TIMPs have been described: TIMP-1, -2, -3 and -4. TIMP-1 inhibits most interstitial collagenases and MMP-9. TIMP-2 binds specifically and non-covalently to the proform of MMP-2 and inhibits its enzyme activity. Thus, TIMPs are selective inhibitors of MMP activity, and degradation of basement membrane and ECM can be explained in terms of the balance between MMPs and TIMPs (14) . However, previous studies have shown that enhanced expression of TIMPs is correlated with progressive cancer (15) . Further studies are required on the mechanisms of TIMPs.
Since MMPs contribute markedly to cancer invasion, metastasis and angiogenesis, they can be regarded as promising targets for prevention of hepatic metastasis or recurrence. It has been frequently reported that, in cancer cell lines, COX-2 inhibitor is associated with invasion and metastasis from the primary lesion via the expression of MMP (16) (17) (18) (19) . However, there are very few reports on the relationships between COX-2 inhibitor and MMPs or TIMPs in hepatic metastasis of colorectal cancer (5) (6) (7) (8) . Therefore, we investigated the inhibitory effects of 2 kinds of COX-2 inhibitor and their relationships with MMP-9 and TIMP-1 using a mouse hepatic metastasis model.
Materials and methods
Drugs. Etodolac (1,8-diethy-1,3,4,9-tetrahydropyrano [3,4-b] indole-lacetic acid), a selective COX-2 inhibitor, was kindly supplied by Nippon Shinyaku Co., Ltd. (Kyoto, Japan). We purchased and used another COX-2 inhibitor, nimesulide (N-[4-nitro-2-phenoxyphenyl]-methanesulfonamide) (Sigma Chemical Co., St. Louis, MO, USA). These drugs were dissolved in 1% CM-cellulose solution.
Cell culture. Colon 26 cells, derived from human colorectal cancer, were obtained from Tsukuba ARL (Tsukuba, Japan) and maintained in RPMI-1640 supplemented with 10% FBS, 0.01% antibiotics and antimyotics.
Animal experimental design. Male CDF1 mice (Charles River, Kanagawa, Japan) aged 6 weeks and weighing 20-25 g were used in experiments after being acclimated for 1 week. The animals were anesthetized with ketamine hydrochloride and xylazine hydrochloride. A small incision of approximately 1 cm was made at the left side of the abdomen and the spleen was drawn outside the body. Next, 1x10 4 cell/50 ml of colon 26 cell suspension adjusted at PBS was injected into the spleen, and the abdomen was closed. Etodolac (20 mg/kg) or nimesulide (30 mg/kg) was mixed in with powdered feed, which was then given for oral ingestion from the next day.
Two weeks later, the animals were sacrificed, the liver was resected and the number of metastatic nodules on the liver surface was counted. For mRNA measurement, ~20 mg of cancer tissue was retrieved and immediately preserved, frozen at -80˚C. Three groups were formed: a control group consisting of 10 mice in which COX-2 inhibitor was not used; an etodolac-treated group of 10 mice and a nimesulide-treated group of 10 mice. Animal experiments were conducted in accordance with the guidelines for animal experiments of Tokyo Medical University.
Real-time RT-PCR analysis.
Total RNA was extracted from approximately 20 mg of cancer tissue by means of the RNeasy Protect Mini Kit (50) (Qiagen; Valencia, CA, USA). Using 500 ng of extracted total RNA, cDNA was synthesized in 50 ml of reactive fluid containing 10X random primer (Applied Biosystems; Foster City, CA, USA), dNTP Mix 100 mM, 10X RT buffer, and 50 U/ml of MultiScribe reverse transcriptase, after the reactive fluid had been maintained at a constant temperature of 50˚C for 2 min, 95˚C for 10 min, 95˚C for 15 sec or 60˚C for 1 min. Following cDNA synthesis, realtime PCR was performed using TaqMan gene expression assay (Applied Biosystems; COX-2: Mm00478374_ml, MMP-9: Mm00600163_ml, TIMP-1: Mm00441818_ml). Fluorescence of isolated reporter pigment was detected by ABI PRISM 7000 Sequence Detection System (Applied Biosystems). A comparative investigation was performed of the expression of COX-2 mRNA, MMP-9 mRNA and TIMP-1 mRNA in hepatic metastatic lesion.
Statistical analysis. All results were indicated as means ± SD. Student's t-test was used for statistical analysis. A p-value of <0.05 was judged to indicate a statistically significant difference. The relationships among COX-2 mRNA, MMP-9 mRNA and TIMP-1 mRNA were calculated by the Spearman rank correlation coefficient.
Results
Number of metastatic nodules. Two weeks after a colon 26 cell suspension of 1x10 4 cell/50 ml was injected into the CDF1 mouse spleen, the liver was resected, and the number of metastatic nodules on the liver surface was counted. The number was 33.7±5.2 nodules in the control group, 15.7±5.3 in the etodolac-treated group and 31.1±10.4 in the nimesulidetreated group (Fig. 1 ). There was a significant reduction in the etodolac-treated group compared with controls (p=0.001), but no significant difference was noted in the nimesulidetreated group.
COX-2 mRNA expression by real-time RT-PCR.
RNA was extracted from approximately 20 mg of cancer tissue by means of the RNeasy Protect Mini Kit, and cDNA was synthesized. From this, COX-2 mRNA was measured by means of TaqMan gene expression assay. The expressions of COX-2 mRNA in each group were as follows: 4.5±2.5 in the control group, 1.2±1.7 in the etodolac-treated group and 3.9±1.6 in the nimesulide-treated group (Fig. 2 ). There was a significant reduction in the etodolac-treated group compared with controls (p=0.04), but no significant difference was noted in the nimesulide-treated group.
MMP-9 mRNA expression by real-time RT-PCR.
RNA was extracted from approximately 20 mg of cancer tissue, cDNA was synthesized and MMP-9 mRNA was measured. The expressions of MMP-9 mRNA in each group were as follows: 3.5±2.2 in the control group, 1.7±0.5 in the etodolac-treated group and 2.1±1.9 in the nimesulide-treated group (Fig. 3 ).
There was a significant reduction in the etodolac-treated group compared with controls (p=0.02), but there was no significant difference in the nimesulide-treated group.
TIMP-1 mRNA expression by real-time RT-PCR. RNA was
extracted from approximately 20 mg of cancer tissue, cDNA was synthesized and TIMP-1 mRNA was measured. The expression of TIMP-1 mRNA in each group was as follows: 4.2±2.4 in the control group, 4.8±2.0 in the etodolac-treated group and 2.9±2.7 in the nimesulide-treated group (Fig. 4) . No significant differences were noted between any of the groups. 
Relationships among COX-2, MMP-9, and TIMP-2 mRNA.
The relationships among COX-2 mRNA, MMP-9 mRNA and TIMP-1 mRNA were calculated by the Spearman rank correlation coefficient, respectively. There was a significant correlation between the expression of COX-2 mRNA and MMP-9 mRNA (r=0.78, p=0.001) (Fig. 5 ), but no correlation between the expression of COX-2 mRNA and TIMP-1 mRNA (Fig. 6 ). In addition, the expression of MMP-9 mRNA did not correlate with that of TIMP-1 mRNA (Fig. 7) .
Discussion
We set out to determine whether COX-2 inhibitor could have inhibitory effects on liver metastasis via MMP-9 suppression or TIMP-1 activation in colorectal cancer cells. Almost all the cancer cells that detach from the primary lesion and enter blood vessels are annihilated by the mechanical stress of blood flow and attack by the immune system centered on natural killer cells (20) . In order to escape from this stress, the cancer cells created emboli of fellow cancer cells or emboli with lymph nodes, blood platelets, fibrin, etc. Cancer cells that reach remote organs bind gently with the selectin of endothelial cells of the blood vessel using sialyl Le a or sialyl Le x on the surface of cancer cells, and roll over endothelial cells. Next, because of the stimulus of various cytokines produced by blood vessel endothelial cells, the integrin superfamily on cancer cell surface is activated and adheres forcefully to the immunoglobulin superfamily including ICAM-1 or VCAM-1 on blood vessel endothelial cell surface (21, 22) . Then, cancer cells pass through cleavages of blood vessel endothelial cells and produce a strong bond with ECM, which forms the basement membrane under endothelial cells of the blood vessel (23). Kakiuchi et al (5) , using in vitro human colorectal cancer cells, showed that COX-2 enhanced the expression of Span-1, a sialyl antigen on cancer cell surface, by increasing the expression of glycosyltransferase through production of PGE2, resulting in the increased ability of cancer cells to adhere to endothelial cells of the blood vessel. Moreover, in animal experiments, they injected cancer cells pretreated with celecoxib, a COX-2 inhibitor, or antiSpan-1 antibody into spleens and showed that, in both groups, hepatic metastasis was significantly suppressed compared with controls. These findings indicate that COX-2 inhibitor suppresses expression of the carbohydrate antigen and that adherence to blood vessel endothelium is reduced. In the present study, COX-2 inhibitor was administered from the day after cancer cell injection; thus, the incidence of cancer cell adherence to blood vessel endothelium is believed to be the same in both the control group and the COX-2 inhibitortreated group.
In the process of extravasation of cancer cells that have adhered strongly to endothelial cells of blood vessels, cancer cells degrade the basement membrane or ECM, then migrate through the cleavages, thus invading the surrounding area by means of the various proteases or glycosidases produced by the cancer cells themselves or by fibroblasts or other stromal cells. Of these enzymes, MMP-2 and MMP-9 play a pivotal role in the degradation of basement membrane, the main constituent of which is type IV collagen. Expression of MMP-2 or MMP-9 is induced at the transcriptional level by various cytokines or growth factors, and the enzymes are secreted as the latent form from cancer cells or stromal cells. Then the enzymes are activated by various proteases such as membrane-type matrix metalloproteinase (MT-MMP), plasmin or thrombin (24, 25) . Using animal models of liver metastasis from colorectal cancer, several researchers reported on the inhibitory effect of various COX-2 inhibitors and the relationship between COX-2 inhibitors and MMPs (5-8).
Yamauchi et al reported that, in mouse models of hepatic metastasis in which the human colorectal cancer cell line HT-29 or COLO205 was used, a COX-2 inhibitor, JTE-522, inhibited hepatic metastasis, but no association with COX-2 was recognized (6). Yao et al reported that, when NS-398, a COX-2 inhibitor, was cultivated in vitro with the mouse colorectal cancer cell line MC-26, there was a significant reduction in the protein expression and enzyme activity of MMP-2 and MMP-9 (7). They also pointed out that, in animal experiments, the incidence of liver metastasis was significantly reduced in the NS-398-treated group compared with controls on the 10th day after surgery but that there was no significant difference between the two groups on the 14th day after surgery. Furthermore, Nagatsuka et al (8) reported that, when LM-H3, a highly metastasizable colorectal cancer cell line, was used in nude mice, the COX-2 inhibitor, JTE-522, inhibited hepatic metastasis via PDGF or MMP-2. In the present study, the etodolac-treated group was found to have a significant decrease in number of hepatic metastatic nodules, COX-2 mRNA and MMP-9 mRNA, compared with the control group. In addition, there was a significant correlation between COX-2 mRNA and MMP-9 mRNA. These findings suggested that etodolac might weaken the ability of cancer cells to degrade basement membrane through a decrease of MMP-9 activity, resulting in the suppression of hepatic metastasis. Regarding the role of COX-2 in cancer metastasis and invasion, the precise mechanism remains obscure, but a decrease of COX-2-dependent PGE2 may downregulate MMP production via PGE2 receptors (26) (27) (28) (29) . On the contrary, no significant differences were noted in our study between the nimesulide-treated group and the control group in terms of the number of hepatic metastatic nodules or the expression of COX-2 mRNA and MMP-9 mRNA in tumors. Several reports indicated that influences on cancer growth, invasion and metastasis vary with the kind of COX-2 inhibitor and the cancer cell line (9, 30, 31) . Accordingly, in clinical applications of COX-2 inhibitor for colorectal cancer, it is extremely important to know the distinguishing characteristics of the drugs used and the nature of the cancer.
In the physiological state, the activity of MMPs is controlled through the balance of various cytokines, growth factors (promoters) and TIMPs (inhibitors). In cancer tissue, however, it is suspected that this balance is disrupted, that MMPs become predominant, and that invasion and metastasis of cancer cells proceeds (13, 14) . Ogata et al reported that, in experimental and clinical colorectal cancer, the expression of MMP-9 mRNA and TIMP-1 mRNA in tumor cells correlated with liver metastasis, but that there was no relation between the expression of these in stromal cells and liver metastasis (32) . These findings suggested that the expression of MMP-9 mRNA and TIMP-1 mRNA in tumor cells is more closely related to the biological behavior of the tumor than is their expression in stromal cells. On the contrary, Joo et al reported that the immunoreactivity of TIMP-1 was markedly expressed in pericancer stromal cells, but that it was weak or negative in tumor cells or normal tissue (15) . In addition, they showed that there was a significant association between the expression of TIMP-1 in stromal cells and Duke's stage, lymph node metastasis, and poor survival. In the present study, no significant difference was observed in the expression of TIMP-1 mRNA between the COX-2 inhibitor-treated group and the control group. Nor was a correlation recognized between the expression of COX-2 mRNA and TIMP-1 mRNA expression. Furthermore, there was no correlation between the expression of MMP-9 mRNA and TIMP-1 mRNA. Our findings showed that no correlation was recognized between hepatic metastasis and the expression of TIMP-1 mRNA in tumor cells. Since the precise mechanism of TIMP-1 remains obscure, further investigations are required by such means as animal experiments in which the induction of exogenous TIMP-1 mRNA is used (33, 34) .
In conclusion, etodolac may suppress the ability of degradation of ECM or basement membrane under blood vessel endothelium via the decreased MMP-9 expression, resulting in the suppression of hepatic metastasis. Clinical trials with COX-2 inhibitor or MMP inhibitor are currently in progress (35, 36) . In animal experiments, trials are underway with both MMP inhibitor and anti-cancer agents (37, 38) . Consequently, it is expected that effective methods for preventing metastasis of colon cancer to the liver will be established.
